We calculate the transfer rate of correlations from polarization entangled photons to the collective spin of a many-electron state in a two-band system. It is shown that when a semiconductor absorbs pairs of photons from a two-mode squeezed vacuum, certain fourth-order electron-photon processes correlate the spins of the excited electron pairs of different quasimomenta. Different distributions of the quantum Stokes vector of the light lead to either enhancement or reduction of the collective spin correlations, depending on the symmetry of the distribution. We find that as the squeezing of the light becomes nonclassical, the spin correlations exhibit a crossover from being positive with an ϳN 2 ͑N is the average photon number͒ scaling to being negative with ϳN scaling, even when N is not small. Negative spin correlations mean a preponderance of spin singlets in the optically generated state. We discuss the possibility to measure the collective spin correlations through the measurement of the Faraday rotation fluctuation spectrum in a steady-state configuration.
I. INTRODUCTION
Optical excitation of a semiconductor with circularly polarized light generates an average collective spin polarization ͗S͑t͒͘ in the conduction band, also known as optical orientation. [1] [2] [3] This allows us to investigate spin relaxation mechanisms in semiconductors using techniques such as time-resolved Faraday rotation and time-resolved photoluminescence. [4] [5] [6] [7] In this work, we study the optical generation of spin correlations in bulk semiconductors using polarization squeezed light. This can be seen as either an extension of optical orientation to manipulate the fluctuations of the spin ͗S͑t͒ · S͑tЈ͒͘ or as a way to transfer correlations from the light to the electrons. Early theoretical suggestions employing squeezed light involved models with radiation reservoirs interacting with atoms 8, 9 and recently for semiconductors. 10 However, these are very difficult to implement experimentally. Schemes for transferring correlations from light to matter have recently been explored in atomic and molecular optics ͑AMO͒ both theoretically [11] [12] [13] and experimentally. [14] [15] [16] These schemes employ either coherent optical dipoles of atomic V systems or ground states coherence of ⌳ systems, leading to a second-order dependence of the spin fluctuations on the squeezed optical field. In semiconductors, one is faced with strong dephasing of optical dipoles as well as valence band spins due to Coulomb, electron-phonon, and spin-orbit interactions, rendering the above atomic optics schemes impractical. In addition, continuous energy bands in semiconductors have very different level structure and optical selection rules.
In this paper, we suggest to exploit the fact that the dephasing of electronic spins in the conduction band 4,17-21 is relatively weak. We study spin correlations induced by absorption of photon pairs, a process which does not involve the fast dephasing interband dipoles. We show that due to the increased number of electronic states, there is a large phase space for absorption of photon pairs where each pair is from a different mode. Unlike the AMO case, these processes are fourth order in the coupling to the squeezed optical field. This absorption leads to pairwise spin correlations which are quadratic in the photon occupation. These correlations are generated even when the light is unsqueezed. Absorption of polarization squeezed photon pairs will generate additional pairwise correlations which are also quadratic in the photon correlation. High order effects in the light-matter coupling have been measured in semiconductors, for example, four and six wave-mixing experiments. 22, 23 Here, we find that the spin-spin correlations are enhanced or reduced depending on the correlations of optical modes with different wavelengths and either the same or different polarizations. In particular, it is necessary to use squeezed light in its nonclassical regime in order to generate anticorrelated spins. This is due to a competition between two fourth-order processes inducing positive and negative correlations, the latter becoming dominant only for nonclassical light. In this special regime, the spin correlations depend linearly on the photon correlation, a direct result of the noncommutativity of the photon operators.
II. MODEL
Specifically, we are interested in the variance ͗S 2 ͑t͒͘ of the photoexcited conduction band spin fluctuations, which can be expanded in powers of the optical field up to fourth order ͗S 2 ͑t͒͘ = ͗S 2 ͑t͒͘ ͑2͒ + ͗S 2 ͑t͒͘ ͑4͒ . We show that ͗S 2 ͑t͒͘ ͑4͒ is the lowest order contribution sensitive to photon correlations and calculate its optical generation rate C s . Since for semiconductors the spin relaxation rate ␥ s is small relative to other kinetic rates, we expect the steady-state contribution C s / ␥ s to be experimentally measurable.
Polarization properties of photons are described by the quantum Stokes parameters 24, 25 which in the circular polarization basis are written as
where i=0,. . .,3 denote the unit and Pauli spin matrix operators and b q are photon annihilation operators with wave number q and polarization . We consider a collinear pump beam with a range of frequencies 0 ± B / 2 above the electron-hole gap. We assume that the average Stokes parameters in a given bandwidth B are ͗p 0 ͘ = ͑2c / LB͚͒ q N q and ͗p 1 ͘ = ͗p 2 ͘ = ͗p 3 ͘ = 0, where N q is the average photon occupation per mode and L is the quantization length. This describes an unpolarized light with the Stokes vector fluctuating around the origin of the Poincaré sphere. The fluctuations are described by the covariance matrix p ij =1/ 2͗p i p j + p j p i ͘, which for a Gaussian-type field depends on the normal ͗b q † b q Ј Ј ͘ as well as anomalous ͗b q b q Ј Ј ͘ correlations, the latter constituting the main characteristics of squeezed vacuum. 26 Beams with such properties are generated using the parametric downconversion. 27, 28 In addition to normal correlations ͗b q † b q Ј Ј ͘ = N q ␦ Ј ␦Ј , they possess two generic anomalous correlations: same-polarization squeezing
are complex functions and 0 = cq 0 . It is instructive to draw the covariance ellipsoids for the tensor p ij , shown in 
dicating that correlations of the type M ͑1͒ ͑M ͑2͒ ͒ enhance ͑reduce͒ the variance p 33 , a fact which is important for spinspin correlations.
The free part of the Hamiltonian of the semiconductor is modeled as a two-band system,
The operators c k and v k denote annihilation operators of the free electrons in the conduction and valence bands, with quasimomentum k and spin . The interaction Hamiltonian of the electrons and the photons in the dipole approximation is given by 29, 30 
where A pq Ј are the interaction matrix elements for the twoband model. 1 Electrons excited above the gap are affected by the Coulomb interaction into two ways. First, the electronic density of states is modified, affecting the optical absorption, an effect that is known as the Sommerfeld enhancement. This enhancement decreases with the energy of the excitation, and far above the gap, it is small. For example, for bulk GaAs, the enhancement factor is of the order of unity for an excitation which is 50 meV above the gap. 29 Second, the Coulomb interaction contributes to spin relaxation rate ␥ s through the Bir-Pikus exchange mechanism, in addition to other mechanisms involving spin-orbit and electron-phonon interactions.
1,4 As we discuss below, these dephasing rates are relatively small, and the qualitative effects which we find for the steady state ͗S 2 ͘ should hold independently of the details of the dephasing mechanism.
III. CALCULATION
The total spin of the conduction electrons is given by
For the optical beam described above, photoexcited electrons have ͗S͘ = 0, since the squeezed vacuum radiation is unpolarized. As for the variance ͗S 2 ͘, only even orders in the field contribute and the second-order contribution is diagonal in k space 
͑4͒
which is the second-order amplitude for the double photon absorption, and e t is the adiabatic switching on factor. Here, ␥ p is the lifetime of the conduction electron states, 32 
where ͗·͘ eq is assumed to be equilibrium at T =0. A Wick decomposition of Eq. ͑3͒ contains contractions which contribute to the independent fluctuations ͚ k ͗S k 2 ͘ as well as contractions which contribute to the collective spinspin correlations ͗S k · S k Ј ͘ with k kЈ. The latter can be further divided into two processes ͓Fig. 2͑a͔͒, in which ͑i͒ a singlet ͑k ↑ , k ↓ ͒ in the valence band is broken into two different momenta in the conduction band ͑k + q , k + qЈ͒ and ͑ii͒ two electrons with different momenta ͑k 1 , k 2 ͒ are excited into the conduction band with momenta ͑k 1 + q , k 2 + qЈ͒. Process ͑i͒ has considerably smaller rate with respect to ͑ii͒ because most of the phase space of final states cannot be reached with the typically small photon momentum. The ratio can be approximately estimated to be ͑B / ck͒ 2 , where k is the typical electron wave number. Therefore, in the following, we neglect the contribution of process ͑i͒.
For the generation rate C s of correlations due to process ͑ii͒, we use the corresponding contractions in Eq. ͑3͒, differentiating with respect to time and taking the limit → 0. This results in an energy conservation constraint for the entire process of exciting two electron-hole pairs. This process again has two parts ͓Fig. 2͑b͔͒: one coming from normal contractions ͗b † b͘ 2 and the other from anomalous contractions ͉͗bb͉͘ 2 due to squeezing. For normal contractions, any two spin components S k , S k Ј become correlated due to the absorption of two photons from the same mode q, obeying the energy conservation q = 1 2 ͑⌬⑀ k + ⌬⑀ k Ј ͒. In contrast, for anomalous contractions, only spin components which have symmetric energies ⌬⑀ k + ⌬⑀ k Ј =2 0 become correlated. These are drawn out of a continuum of such pairs obeying q + q Ј =2 0 . The two processes are distributed very differently in phase space; however, both are significant since they turn out to have the same total phase space. These processes give the largest contribution to the generation rate of correlations.
IV. RESULTS AND DISCUSSION
In the limit of q k, the generation rate is given by ͑per unit volume͒
where C s0 =32 2 ͉d͉ 4 / 3ប, d is the dipole matrix element, is the electronic density of states, ␥ is the average of ␥ p , and we assume ͉M q± ͑1,2͒ ͉ = ͉M q ͑1,2͒ ͉, i.e., that the squeezed correlations for ͑ϩ͒ and ͑Ϫ͒ polarizations differ only by phase. Since can be taken as constant in the excitation bandwidth, integrating Eq. ͑6͒ with respect to the electronic energy ⌬⑀ k gives
This result shows that increased ͑decreased͒ fluctuations of the Stokes parameter p 3 ͑cf. Fig. 1͒ lead to increased ͑decreased͒ spin correlations. Positive spin correlations induced by absorbing photons from the same mode are enhanced by absorbing squeezed photons with the samepolarization modes and reduced by the squeezing of the opposite polarizations ͑cf. Fig. 3͒ . In contrast to the atomic optical case, the fourth-order processes generate inevitable correlations ͑N q ͒, even when the light is not squeezed. Therefore spin correlations can become negative only when the squeezing is nonclassical, i.e., M ͑2͒ Ͼ N. The maximal negative spin correlations will be reached for a pure squeezed state with M ͑2͒ = ͱN͑N+1͒, 33 in which case C s ϳ −N. Remarkably, this result contrasts most of the quantum optical effects which are observable only for very weak light, N Ӷ 1, e.g., the effect of squeezing in two-photon absorption. 34 It is instructive to consider curves of equal spin correlations ͑cf. Յ ͱN͑N+1͒, and an unphysical region 33 
M
͑1,2͒ Ͼ ͱN͑N+1͒.
For opposite-polarization squeezing ͑lying ellipsoid͒, the behavior of the spin correlations is essentially different from the case of same-polarization squeezing ͑standing ellipsoid͒. Only in the first case, the curves are confined to either the classical side ͑C s Ͼ 0͒ or the quantum side ͑C s Ͻ 0͒ of the diagram, with the C s = 0 being a separatrix between the two regimes. The possibility to completely eliminate the inevi- 18, 20 as well as bulk n-GaAs. 21 In these experiments, spin lifetimes ranging from hundreds of picoseconds to tens of nanoseconds have been reported. In some cases, the long lifetimes were measured even in room temperature. 19 Recently, also the fluctuations of the spin ͗S 2 ͘ have been measured from the variance of the magnetic moment of the sample in a Faraday rotation setup. 31 In order to enhance the correlation effects which we discuss here, it is advantageous to use samples with long spin lifetime, such as in n-type bulk GaAs. 17 Spin flip times of the photoexcited holes are much faster compared to the electrons, 4 and therefore, their contribution to the collective spin correlations is expected to be small. In such an experiment, enhancement or reduction of spin-spin correlations should be measurable from the difference of ͗S 2 ͘ with squeezed and unsqueezed light, as can be seen from Eq. ͑7͒. A clear-cut evidence for the successful storing of optical correlations in the electron spins would be a signal of negative photon polarization correlations in the hot electron luminescence, appearing when the squeezing is turned on.
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